When neovascularization is triggered in ischemic tissues, angiogenesis but also (postnatal) vasculogenesis is induced, the latter requiring the mobilization of endothelial progenitor cells (EPC) from the bone marrow. Caveolin, the structural protein of caveolae, was recently reported to directly influence the angiogenic process through the regulation of the vascular endothelial growth factor (VEGF)/nitric oxide pathway. In this study, using caveolin-1 null mice (Cav Ϫ/Ϫ ), we examined whether caveolin was also involved in the EPC recruitment in a model of ischemic hindlimb. Intravenous infusion of Sca-1 ϩ Lin Ϫ progenitor cells, but not bone marrow transplantation, rescued the defective neovascularization in Cav Ϫ/Ϫ mice, suggesting a defect in progenitor mobilization. The adhesion of Cav Ϫ/Ϫ EPC to bone marrow stromal cells indeed appeared to be resistant to the otherwise mobilizing SDF-1 (Stromal cell-Derived Factor-1) exposure because of a defect in the internalization of the SDF-1 cognate receptor CXCR4. Symmetrically, the attachment of Cav Ϫ/Ϫ EPC to SDF-1-presenting endothelial cells was significantly increased. Finally, EPC transduction with caveolin small interfering RNA reproduced this advantage in vitro and, importantly, led to a more extensive rescue of the ischemic hindlimb after intravenous infusion (versus sham-transfected EPC). These results underline the critical role of caveolin in ensuring the caveolae-mediated endocytosis of CXCR4, regulating both the SDF-1-mediated mobilization and peripheral homing of progenitor cells in response to ischemia. In particular, a transient reduction in caveolin expression was shown to therapeutically increase the engraftment of progenitor cells.
V asculogenesis and angiogenesis are the 2 major processes contributing to neovascularization in adults. 1, 2 Postnatal vasculogenesis in adults requires the recruitment of progenitor cells derived from the bone marrow, 3 whereas angiogenesis involves the proliferation and migration of endothelial cells from the preexisting vessels. 4 The proportion of either process in promoting the development of neovessels in pathological situations, such as ischemia and tumor growth, may vary and both are considered to be complementary. 3, 5 Moreover, the 2 processes share biological mediators including chemocytokines and proteinases. 6 Among the key players in postnatal vasculogenesis, SDF-1 (Stromal cell-Derived Factor-1) and vascular endothelial growth factor (VEGF) have undoubtedly been the focus of the most attention. Through specific interactions with the CXCR4 and VEGFR-2 receptors, SDF-1 and VEGF, respectively, contribute to increase the recruitment of progenitor cells from the bone marrow to the peripheral blood, thereby leading to the formation of new vessels at the ischemic sites. 2 Recently, we identified a critical role of caveolin-1 (a structural protein of caveolae) in the regulation of the VEGF-signaling pathway in a model of adaptive angiogenesis. 7 We found that the compartmentation of the VEGFR-2 receptor in caveolae was key to ensure VEGFmediated neovascularization. Accordingly, genetic deletion of caveolin-1 (and the ensuing absence of caveolae) was found to alter the endothelial nitric oxide synthase (eNOS) and ERKdependent pathways downstream of VEGF stimulation, thereby leading to a defect in angiogenesis. A key role of caveolin-1 in angiogenesis was also identified in mouse tumor models and in the implanted Matrigel plug assay, 8 -10 mostly through the modulation of nitric oxide bioavailability. Notably, in none of these studies focusing on the role of caveolin in neovascularization was the potential impact of caveolin/caveolae in postnatal vasculogenesis (versus angiogenesis) addressed.
A series of indirect observations, however, argue for a role of caveolin in the bone marrow cell-dependent neovessel formation: (1) the activity of matrix metalloprotease-9 (MMP-9), a major protease involved in stem cell mobilization is modulated by nitric oxide, 11 the production of which is directly dependent on caveolin abundance 12 ; (2) some proteins involved in the interaction between progenitor cells and bone marrow stroma, including adhesion molecules [13] [14] [15] and chemokine receptor, 16 have already been associated to caveolae in other tissues; (3) the quasilinear relationship between caveolin expression and caveolae density, 17 and the capacity of caveolae to pinch off and to sequester their content 18 may account for the dynamic regulation of the expression of 1 or several of the abovementioned proteins at the cell surface.
Such evidence suggesting the potential role of caveolin/ caveolae in progenitor cell biology and mobilization prompted us to explore the vasculogenic process in caveolindeficient mice. More generally, another purpose of this study was to determine whether promotion of postnatal vasculogenesis could help rescue ischemic tissues in caveolin-null mice. Alteration in caveolin abundance has, indeed, been reported in many cardiovascular diseases that themselves are associated with a defect in angiogenesis. 19, 20 
Materials and Methods
An expanded Materials and Methods section is provided in the online data supplement at http://circres.ahajournals.org.
Animals
Caveolin-deficient mice (Cav Ϫ/Ϫ ) 21 and their control littermates (Cav ϩ/ϩ ) were generated through heterozygous matings and housed in our local facility. Anesthetized mice underwent a double femoral artery and vein ligation to allow resection of 2-mm vessel segments under a stereoscopic microscope while innervation was carefully preserved.
Bone Marrow and Endothelial Progenitor Cells
Bone marrow mononuclear cells were isolated by separation onto a Ficoll Histopaque gradient (Sigma), and magnetic cell sorting (Miltenyi Biotech) was used for positive and/or negative selection to collect Sca-1 ϩ /lineage marker-negative (Lin Ϫ ) cells or CD45 ϩ cells (BD Bioscience Pharmingen). For endothelial progenitor cell (EPC) production, bone marrow mononuclear cells were directly cultured on fibronectin-coated flasks using endothelial cell growth medium, as previously described. 22 The identity of EPC was confirmed by morphological and immunocytochemical analyses. EPC were used at day 7 after initial seeding except when indicated otherwise.
Results

Infusion of Sca-1 ؉ Lin ؊ Bone Marrow Cells Rescues Ischemic Hindlimb Perfusion in Cav ؊/؊ Mice
We have previously reported that after resection of 2 mmfemoral artery/vein segments, Cav Ϫ/Ϫ mice never restored a normal hindlimb perfusion, compared with wild-type mice that completely recovered 7 (see also below). To evaluate whether progenitor cells could help rescuing the impaired neovascularization in Cav Ϫ/Ϫ mice, we examined the effects of the infusion of Sca-1 ϩ Lin Ϫ BMC on the restoration of the perfusion in the operated hindlimb. Serial examinations of blood flow by laser Doppler imaging were performed on days 3, 7, 10, and 14 (day 0 being fixed as the day of ligature). Figure 1A shows that infusion of 10 6 BMC issued either from wild-type (Cav ϩ/ϩ ) or Cav Ϫ/Ϫ mice did rescue the limb perfusion, whereas a permanent drop in blood flow was observed in the operated leg of untreated Cav Ϫ/Ϫ mice. Of note, in Cav ϩ/ϩ mice, infusion of Cav ϩ/ϩ BMC barely influenced the extent (and rate) of the otherwise naturally occurring reperfusion of the operated hindlimb (see Figure 1B ).
In some experiments, we loaded BMC with a long-lasting tracker (carboxymethyl-1,1Ј-dioctadecyl-3,3,3Ј,3Ј-tetramethylindocarbocyanine [CM-DiI]) to follow their in vivo fate after infusion. Accordingly, histological analyses confirmed the presence of CM-DiI-labeled cells in the adductor muscle of Cav Ϫ/Ϫ mice, regardless of the Cav Ϫ/Ϫ or Cav ϩ/ϩ mouse origin of infused cells ( Figure 1C ). CM-DiI-labeled cells could be found as early as 24 hours after induction of ischemia and were still detectable at day 14 (at much lower level). It should, however, be noted that posttransplantation dilution of the tracker (with cell division) may lead to underestimation of progenitor cell recruitment at longer times. The CM-DiI overlapping with CD31-positive capillary endothelial cells amounted to 29Ϯ12% and 37Ϯ13% (of total CM-DiI staining) in experiments with Cav Ϫ/Ϫ and Cav ϩ/ϩ BMC, respectively ( Figure 1C ).
Ischemia-Induced Mobilization of Cav ؊/؊ Progenitor Cells Is Defective
Because infusion of Cav Ϫ/Ϫ BMC in Cav Ϫ/Ϫ mice did restore normal blood flow, a defect in mobilization could be suspected in these mice. We, therefore, set up a series of experiments where bone marrow CD45 ϩ cells (eg, depleted of stromal cells) from Cav ϩ/ϩ and Cav Ϫ/Ϫ mice were transplanted into lethally irradiated Cav Ϫ/Ϫ mice; Cav ϩ/ϩ mice were similarly transplanted to allow full comparison between the different combinations of donor and recipient mice. A 3-week delay was respected after transplantation to ensure the complete reconstitution of bone marrow; preliminary studies had shown that circulating leukocyte number and bone marrow integrity were back to normal 14 days after CD45 ϩ cell infusion. Figure 2A , left panels, shows that Cav Ϫ/Ϫ mice recovered from the ischemic insult when CD45 ϩ cells from wild-type mice, but not from Cav Ϫ/Ϫ mice, were used to reconstitute the bone marrow. In Cav ϩ/ϩ background animals ( Figure 2A , right panels), the reconstitution of bone marrow also led to distinct patterns of response according to the origin of CD45 ϩ cells, although to a lesser extent than in Cav Ϫ/Ϫ animals. Accordingly, when Cav Ϫ/Ϫ CD45 ϩ cells were used, the restoration of blood flow in the proximal operated limb was delayed when compared with wild-type CD45 ϩreconstituted mice (see Figure 2A , right panels). In fact, whereas in the latter mice, no distal limb atrophy was detectable, the loss of toes or the entire foot of the operated leg was consistently observed in Cav Ϫ/Ϫ CD45 ϩ -reconstituted wild-type mice. These morphological alterations were less prominent, however, than in Cav Ϫ/Ϫ CD45 ϩ -reconstituted Cav Ϫ/Ϫ mice; a complete leg atrophy occurred in a majority of these mice (5 of 6).
Based on the above results, besides the transplanted mouse background, the origin of bone marrow seemed also critical for postischemic revascularization (eg, no or delayed recovery with CD45 ϩ cells originated from Cav Ϫ/Ϫ mice). We therefore repeated the above experiments by using CM-DiI-labeled CD45 ϩ cells to reconstitute the bone marrow of irradiated mice (see Figure I in the online data supplement) and to further track the progenitor cell homing in the ischemic hindlimb. In Cav Ϫ/Ϫ mice ( Figure 2B , left panels), progenitor cells derived from the Cav Ϫ/Ϫ CD45 ϩ cell transplantation were found heterogeneously distributed across the ischemic muscle and, in total, much less abundant than those arising from Cav ϩ/ϩ cell transplantation (see Figure 2C for quantitative analysis). In Cav ϩ/ϩ mice, although similar extents of CM-DiI-labeled progenitor cells issued either from Cav ϩ/ϩ or Cav Ϫ/Ϫ mice could be found in some regions of the adductor muscle (see Figure 2B , right panels), the distribution was less homogeneous in the latter condition. Accordingly, quantitative analyses of the all tissue sections revealed a lesser staining when progenitor cells were issued from Cav Ϫ/Ϫ CD45 ϩ cell transplantation (see bars 3 and 4 in Figure 2C ).
The microvascular density (see CD31 immunolabeling in Figure 2B , lower panels) was significantly higher in both mouse strains when the CD45 ϩ donor mouse was from a wild-type background (see Figure 2D for quantitative analysis); colocalization of CM-DiI and CD31 was however very poor suggesting paracrine influence of progenitor cells instead of direct participation to the structure of new capillaries. Moreover, slight but statistically significant differences distinguish the animals from Cav ϩ/ϩ and Cav Ϫ/Ϫ backgrounds: (1) the extent of CM-DiI-labeled Cav ϩ/ϩ progenitor cells found in the ischemic muscle was larger in Cav Ϫ/Ϫ recipient (compare bars 2 and 4 in Figure  2C ); (2) the extent of CD31-labeled cells was larger in Cav ϩ/ϩ background animals (compare bars 1 and 3 in Figure 2D ).
Cav ؊/؊ EPC Are Resistant to SDF-1-Induced Detachment From Bone Marrow Stromal Cells
To further dissect the mechanism accounting for the defect in mobilization of Cav Ϫ/Ϫ BMC, we examined whether the MMP-9 and SDF-1 pathways were differently regulated in wild-type and caveolin-deficient mice. Zymography analyses of crude bone marrow extracts did not reveal significant differences in gelatinase activity (not shown), suggesting the absence of alterations in MMP-2 and -9 activities in Cav Ϫ/Ϫ mice. Furthermore, because we were anticipating alterations in the EPC phenotype more than in the bone marrow stroma (where most of MMP activity originates), we focused our attention on SDF-1/CXCL12 and its receptor CXCR4 located on EPC. Accordingly, we isolated stromal cells from Cav Ϫ/Ϫ and Cav ϩ/ϩ by negative selection (CD45 Ϫ ) from total bone marrow and cultured them to confluence in the presence of serum. Stromal cell monolayers were then exposed to hypoxia (1% O 2 for 4 hours) to promote endogenous SDF-1 expression as previously documented. 23 Adhesion experiments were performed with EPC originating from both mouse genotypes, prechallenged or not with SDF-1. Figure 3A shows that when EPC were issued from Cav ϩ/ϩ mice, the SDF-1 treatment led to a decreased ability to adhere to stromal cells independently of their genotype (Ϫ85Ϯ7% and Ϫ72Ϯ10% with stromal cells from Cav ϩ/ϩ and Cav Ϫ/Ϫ , respectively, versus untreated EPC; PϽ0.01, nϭ3). Con-versely, Cav Ϫ/Ϫ EPC were resistant to SDF-1 stimulation and did not reveal significant reduction in adhesion when compared with untreated EPC (see also Figure 3B for quantitative analysis). In the same experimental set up, however, CXCR4 antibody blockade could abolish the Cav ϩ/ϩ and Cav Ϫ/Ϫ EPC adhesion on Cav Ϫ/Ϫ stromal cells to the same extent, further confirming the implication of the SDF-1/CXCR4 axis in the caveolin-mediated mobilization of EPC ( Figure 3B ). Fluorescence-activated cell sorting (FACS) analysis was then performed with EPC exposed or not to SDF-1 to examine the level of cell surface expression of the CXCR4 receptor, the SDF-1 cognate receptor. Although the total amounts of CXCR4 receptors were not significantly different in untreated Cav ϩ/ϩ and Cav Ϫ/Ϫ EPC, the SDF-1 treatment did induce a shift to the left of the fluorescent peak in Cav ϩ/ϩ EPC, indicating the disappearance of part of CXCR4 receptors from the cell surface ( Figure 3C ). Such shift in fluorescence was not observed with SDF-1-treated Cav Ϫ/Ϫ EPC, thereby illustrating the resistance to internalization of CXCR4 when caveolin was absent ( Figure 3C ). We also performed CXCR4 immunoblotting on detergent-insoluble membranes enriched in rafts and caveolae, from both Cav ϩ/ϩ and Cav Ϫ/Ϫ EPC ( Figure 3D ). We found that in EPC from both origins, SDF-1 similarly induced the translocation of a large proportion of CXCR4 receptors to the detergent-insoluble fractions (approximately ϩ40% of total CXCR4 receptors; see the shift between lanes 1 and 2 in Figure 3D ). The implication of clathrin-coated pits was further excluded because the use of the cationic amphiphilic drug chlorpromazine, an inhibitor of clathrin-dependent, receptor-mediated endocytosis, failed to affect the CXCR4 internalization ( Figure 3D ). More importantly, when caveolin immunoprecipitation was performed to remove caveolar membranes (eg, to discriminate from rafts), the CXCR4 receptor could not be found in the remaining supernatant of Cav ϩ/ϩ EPC membranes, confirming the key role of caveolae in CXCR4 sequestration (see lane 4 in Figure 3D ).
Ischemia Leads to an Increase in BMC Caveolin Expression and in Plasma SDF-1 Levels
Because the data presented above indicated a critical role of caveolin and SDF-1 in EPC mobilization, we examined how their expression evolved with time in situ. Accordingly, we used real time PCR to first compare the extent of caveolin-1 mRNA transcripts in Sca-1 ϩ Lin Ϫ BMC collected at different time points after induction of hindlimb ischemia. Figure 4A shows that although caveolin-1 is almost absent from these hematopoietic cells in normal conditions, its expression rapidly increased in response to peripheral ischemia to reach a maximum after 7 days. The elevated level of caveolin expression in Sca-1 ϩ Lin Ϫ BMC was maintained for 2 more weeks before rapidly dropping back to basal values. Finally, we examined whether cultured EPC also exhibited changes in caveolin abundance following in vitro exposure to serum and VEGF. Figure 4B shows that, indeed, the level of caveolin progressively increased to reach a maximum at day 14 of culture. Also, evaluation of circulating levels of SDF-1 revealed that in basal conditions, plasma levels of SDF-1 were 2-fold higher in Cav Ϫ/Ϫ than in Cav ϩ/ϩ mice. Following ischemic insult, the SDF-1 plasma levels increased in Cav ϩ/ϩ mice to reach the level of Cav Ϫ/Ϫ mice ( Figure 4C ). Interestingly, however, the amounts of circulating EPC (determined by numeration of colonies) appeared to be 41Ϯ19% higher in Cav ϩ/ϩ mouse plasma (versus Cav ϩ/ϩ mice; PϽ0.01, nϭ7).
Lack of Caveolin Increases the EPC Adhesion to Endothelial Cells
We next examined whether alterations in the caveolinmediated CXCR4 internalization, which translated in a defect in mobilization from the bone marrow, also impacted the peripheral recruitment of progenitor cells by the endothelium of ischemic tissues. For this purpose, we used HUVEC that we coated with recombinant SDF-1 and then exposed to EPC to promote attachment through CXCR4. In basal conditions, the extent of EPC attachment was found to be consistently higher when issued from the Cav Ϫ/Ϫ background (ϩ37Ϯ13% versus Cav ϩ/ϩ EPC; PϽ0.05, nϭ3) (see Figure 5A and 5B). This adhesion assay also revealed a significantly different pattern when EPC were first exposed to soluble SDF-1 before plating on SDF-1-coated endothelial cells. Indeed, the SDF-1 prechallenge led to a 80% decrease in Cav ϩ/ϩ EPC adhesion (PϽ0.01, nϭ3), whereas the attachment of Cav Ϫ/Ϫ EPC was not significantly altered (versus unstimulated Cav Ϫ/Ϫ EPC) (see Figure 5A and 5B). To further confirm the crucial role of caveolin in the adhesiveness of EPC, we transfected EPC from Cav Ϫ/Ϫ animals with a caveolin-encoding plasmid, and, conversely, EPC from Cav ϩ/ϩ animals were transduced with caveolin small interfering RNA (siRNA). Caveolin recombinant expression in Cav Ϫ/Ϫ EPC reached the level of endogenous caveolin in Cav ϩ/ϩ EPC, whereas after siRNA treatment, caveolin amounted to Ϸ15% of the endogenous expression in Cav ϩ/ϩ EPC (see Figure 5C ). Importantly, these acute modifications of Cav ϩ/ϩ and Cav Ϫ/Ϫ EPC phenotypes recapitulated the observations made with EPC issued from Cav Ϫ/Ϫ and Cav ϩ/ϩ mice, respectively. Accordingly, the reduction in caveolin expression led to a greater adhesion of SDF-1treated wild-type EPC, and the reexpression of caveolin in Cav Ϫ/Ϫ EPC dramatically reduced their adhesion capacity in response to SDF-1 ( Figure 5C ).
Transient Decrease in Caveolin Expression Increases the Vasculogenic Potential of EPC
Finally, we reasoned that the infusion of EPC transiently deprived of caveolin/caveolae should improve their recruitment capacity in ischemic tissues and thereby lead to therapeutic advantages (versus nonmodified EPC). To examine this hypothesis, we treated 1-week cultured EPC with caveolin siRNA to decrease caveolin abundance as described above: the resulting caveolin downregulation (see Figure 5C ) was maximal 24 hours after transfection and maintained for the next 36 hours (not shown). To avoid any confounding defects in angiogenesis in Cav Ϫ/Ϫ mice (versus postnatal vasculogenesis), we induced ischemic hindlimb by femoral artery/vein resection in wild-type animals and examined the ability of EPC treated or not with caveolin siRNA to rescue the limb perfusion. In these wild-type animals, the ischemiainduced neovascularization was very efficient in the adductor muscle around the ligated vessels and hampered the search for biological differences induced by either transduced or nonmodified EPC. We therefore focused on the perfusion and tissue integrity distal from the thigh ligature (eg, in the foot) in the weeks following femoral vessel resection. We found that by infusing caveolin siRNA-transduced EPC, blood flow in the foot from the operated limb was restored to a larger extent than with native EPC infusion ( Figure 6A) . Similarly, the alterations in both the tissue integrity and an index of the active use of the foot, evaluated by arbitrary scoring, were more extensively corrected with caveolin siRNA-transduced EPC than with sham-transfected EPC (see Figure 6B and 6C). Because the values at day 0 presented a large variability (mostly because of the limits of detection of this assay), the 100% value was arbitrarily fixed as the relative abundance of caveolin mRNA expression at day 7 (*PϽ0.05; **PϽ0.01, nϭ3). C, Levels of plasma SDF-1 in basal conditions as well as 24 hours after ischemia in Cav ϩ/ϩ and Cav Ϫ/Ϫ mice. **PϽ0.01 (nϭ4).
Discussion
Although many reports using transgenic animals have revealed that the nature of the bone marrow stroma may dramatically influence the progenitor cell mobilization step, the current study emphasizes that the EPC phenotype itself may directly influence their ability to be mobilized. Accordingly, we showed that a defect in caveolin expression could prevent SDF-1-induced internalization of the CXCR4 receptors and the consecutive release of EPC from the bone marrow to the blood circulation. The previously reported defect in postischemic angiogenesis in caveolin-deficient mice, 7 therefore, appears to be aggravated by a defect in postnatal vasculogenesis, further highlighting the potential impact of changes in caveolin abundance observed in cardiovascular diseases. 20 Furthermore, we found that by reproducing this phenomenon (eg, caveolin downregulation) on isolated, cultured EPC through a caveolin siRNA-based strategy, the SDF-1-dependent homing of progenitor cells to endothelial cells was stimulated and the contribution of postnatal vasculogenesis increased in a model of ischemic tissue reperfusion. These apparently paradoxical data underscore 2 sides of the same coin: caveolae are needed for SDF-1-induced CXCR4 internalization and, although blocking this process in the bone marrow hampers the mobilization of progenitor cells, the transient inhibition of CXCR4 sequestration in isolated, cultured EPC increases their homing capacity in ischemic tissues. The cell surface expression of the CXCR4 chemokine receptor is a major determinant in the homing capacity of hematopoietic stem and progenitor cells. There are several processes proposed to regulate the SDF-1-mediated mobilization of CXCR4-expressing cells from the bone marrow, including peptidase processing, 24, 25 ubiquitination and lysosomal sorting, 26 and desensitization 23, 27 of the CXCR4 receptor. In the current study, we identified the SDF-1-stimulated internalization of CXCR4 receptors within caveolae as a critical mode of mobilization from the bone marrow. Indeed, FACS analysis revealed a net decrease in the extent of surface CXCR4 receptors in Cav ϩ/ϩ but not Cav Ϫ/Ϫ EPC following soluble SDF-1 exposure. We further provided evidence that the disruption of the CXCR4 direct interaction with SDF-1-expressing stromal cells was involved and not the signaling pathways potentially regulated by caveolin. Previous reports 28, 29 have shown that signaling downstream SDF-1 is associated with CXCR4 receptor redistribution to rafts (at the leading edge of migrating cells), eventually followed by their internalization. In our study, when isolating detergent-insoluble membranes (essentially made of rafts and caveolae) from the rest of the cell extracts, we found a similar shift of SDF-1-induced CXCR4 receptors toward these detergent-insoluble fractions from both Cav ϩ/ϩ and Cav Ϫ/Ϫ EPC ( Figure 3D ). In Cav ϩ/ϩ EPC, the detergent-insoluble CXCR4 was further associated to caveolin (as determined by immunoprecipitation), indicating that internalization but not clustering of CXCR4 was altered in Cav Ϫ/Ϫ EPC. We further documented that in experiments aiming to evaluate the chemotactic potential of SDF-1, no difference could be found between the migratory potential of Cav ϩ/ϩ and Cav Ϫ/Ϫ EPC (see supplemental Figure  II ). Altogether, our data indicate that the caveolin deficiency does not impact the SDF-1-mediated signaling but alters the endocytosis-based dissociation of CXCR4-expressing EPC from SDF-1-decorated stromal cells.
Other groups have identified the formation of clathrin-coated pits as the pathway of CXCR4 receptor internalization. 26, 30, 31 In these studies, however, the authors were using either nonprimary transfected cells 31 or cells known not to express caveolin/caveolae such as lymphoid cells. 30, 31 In a more recent study, however, Dar et al reported that SDF-1 could be internalized through clathrin-coated pits and resecreted by bone marrow endothelial and stromal cells. 32 Although the clathrin-dependent CXCR4 transcytosis was convincingly documented in this study, the authors did not provide evidence to exclude other routes (such as the caveolae fission), and, more importantly, they reported that for leukocytes and hematopoietic stem cells (that are more parented to the EPC used in our study), clathrin-coated pits were not involved for the transcytosis of SDF-1. Finally, it is worth mentioning that in another situation involving bone marrow mobilization, namely exposure to the cytotoxic 5-FU chemotherapeutic drug, a significant delay in bone marrow reconstitution was observed in Cav Ϫ/Ϫ mice (not shown), thereby extending the critical role of caveolin/caveolae in the process of BMC trafficking. In this context, the elevated basal levels of plasma SDF-1 in Cav Ϫ/Ϫ mice (see Figure 4C ) may also be interpreted as a compensatory response to a general deficit in HSC mobilization.
Finally, our study reveals that the engagement of progenitor cells in the endothelial lineage is strikingly initiated in the bone marrow. Caveolin expression, as needed for the caveolae sequestration of activated CXCR4 sequestration, is, indeed, induced in the bone marrow on induction of peripheral ischemia. Quantitative evaluation of caveolin mRNA expression in wildtype animals revealed that the abundance of caveolin in hematopoietic cells progressively increased after femoral artery/vein resection. Interestingly, culture of EPC in "endothelial cell growth medium" also revealed a progressive increase in caveolin abundance, suggesting a shift in the phenotype of these cells and their propensity to engage in a "more differentiated" endothelial lineage. Of potential therapeutic interest is the Figure 6 . Caveolin knocking down improves the EPC capacity of restoring blood flow and tissue integrity and function after hindlimb ischemia. Femoral artery/vein resection was performed in Cav ϩ/ϩ mice, followed 24 hours later by the infusion of EPC. A, Laser Doppler imaging (LDI) quantification of blood flow in the foot of the operated hindlimb (expressed as a % of the blood flow in the nonischemic foot), before and after the ligature (day 0) and at several time points following EPC infusion. EPC were either transduced with caveolin siRNA (closed symbols) or sham transfected (open symbols) (nϭ5); some SEs are smaller than symbols. Representative color-coded LDI pictures at day 28 are shown for both conditions. Functional and morphological assessments of ischemic limb are also presented over followup, as the scoring of the ambulatory impairment (B) and ischemic tissue damages (C). **PϽ0.01, at day 28 (nϭ5).
observation that transduction of wild-type EPC with caveolin siRNA to transiently alter caveolae formation allows to exploit a time frame during which progenitor cells are particularly prone to adhere to SDF-1-presenting compartments but after which caveolin-dependent signaling pathways may still occur.
In summary, the present work demonstrates for the first time a critical role of the structural protein caveolin for the EPC mobilization from the bone marrow and the consecutive revascularization of ischemic tissues. The SDF-1 binding to CXCR-4 is, indeed, finely regulated by the caveolar sequestration process, allowing the detachment of progenitor cells from bone marrow stromal cells in the presence of an excess soluble SDF-1 (originating from ischemic tissues). Besides the elucidation of this mechanism that finely regulates the egression of matured progenitor cells, our data also pave the way for the therapeutic exploitation of caveolin targeting (ie, downregulation through siRNA use) to increase the engraftment potential of progenitor and hematopoietic stem cells.
